Abstract
Introduction
Inorganic ion-exchangers are stable towards chemical degradation and are more selective for metal ions over their organic analogs [1] . The ion-exchange membranes have diverse applications, from desalting of brackish water to treating industrial effluents as well as processing biological effluents. Due to the development of new ion-exchange membranes with better selectivities, lower electrical resistance and improved electrochemical and chemical properties, the ion A r t i c l e i n P r e s s exchange membranes find applications in food, drugs, chemical processes and biotechnology industries [2, 3] . The great interest in the ion exchange membranes is mainly due to their exceptional electrochemical properties.
The ion exchange membranes combine the ability to act as a separation wall between the two solutions, with chemical and electrochemical properties of ion exchanger. The most important of these are the pronounced difference in permeability for counter ions, co-ions and neutral molecules and their high electrical conductivity. When in contact with electrolyte solutions of low or moderate concentrations, the membrane contains a large number of counter ions but relatively few co-ions, due to Donnan exclusion. The membrane is perm selective for counter ions. The perm selectivity is reflected not only in differences in permeability, but also in electrical potential difference which arises between the two solutions (membrane potential).
The effect of membrane potential and adsorption on the permeability of ions, electrical conductance, ion exchange capacity and perm selectivity behavior on diffusion phenomena in a large number of inorganic membranes was studied by Malik et. al. [4] [5] [6] [7] [8] [9] . Gnusin et. al. [10] investigated the concentration dependence of a wide range of transport characteristics of inorganic ion exchange membranes. To assess the suitability of any membrane for any specific application, two vital parameters i.e. the transport characteristics and its structural properties must be evaluated. The behavior of ion exchange membranes (IEMs) depends on the physiochemical properties, in addition to the nature of electrolyte solutions used. It is also beneficial to predict the behavior of prepared membranes on the basis of their structural properties. Few reports are available on investigation of the effect of nature of electrolyte solutions' on IEMs properties despite the fact that they have significant influences [11] [12] [13] [14] [15] [16] .
In this paper, electrode potential measurements have been used to study electrical characteristics like transport numbers, perm selectivity and fixed charge density across zirconium phosphoborate based heterogeneous ion exchange membranes. Halide and nitrate salts of alkali and alkaline earth metals were used as electrolytes. The effect of electrolyte concentration on transport numbers and perm selectivity on the ion exchange characteristics of zirconium phosphoborate membrane has also been studied. The membrane behaved as cation selective under ambient experimental conditions. The counter ion transport number, membrane perm selectivity and concentration of fixed ionic sites in the zirconium phosphoborate membrane are estimated by membrane potential data. Fixed ionic concentration data have been analyzed in the light of non-thermodynamic principle for its correlation with membrane structure and permeability behavior. The proposed membrane system has been used to study the selective behavior for the alkali/ alkaline earth metal ions.
Experimental

Reagents
Zirconyl oxychloride (Loba Chemie, India), boric acid (S.D. Fine Chem., India) and phosphoric acid (S.D. Fine Chem., India) were used for synthesis. All other chemicals used were of A.R. grade. Standard solutions were prepared by direct weighing of AR grade reagents using double distilled water.
Synthesis of zirconium phosphoborate
The exchanger was prepared by adding zirconyl oxychloride (0.1 M) solution to a continuously stirred mixture of boric acid solution (0.1 M) and phosphoric acid solution (0.1 M) at 60 °C, in the A r t i c l e i n P r e s s volume ratio 2:1:1. The gel produced was allowed in round bottomed flask to stand overnight. Then the gel was repeatedly washed with distilled water to remove chlorides from the mother liquor. The absence of chlorides in the mother liquor was tested with AgNO 3 solution. After the gel became free from chlorides, it was filtered through Whatmann No.1 filter paper using Buchner funnel and suction pump. The gel was transferred from Buchner funnel to petri dish. The precipitates in the Petri dish were dried in an air oven at 40 °C. When the gel dried completely, distilled water was added. Small granules of the ion-exchanger were formed with cracking sound.
Determination of ion-exchange capacity
Ion-exchange capacity was determined by column operation. Exchanger in the H + -form was placed in a column containing a glass wool support. Sodium nitrate solution (1.0 M) was used as an eluent and about 400 ml of it was passed at a rate of 8-10 drops per minute through the ion exchanger column containing 1 g of exchanger. H + eluted from the column was determined titrimetrically against standard solution of sodium hydroxide.
Preparation of Membrane
A desired quantity of the finely ground zirconium(IV) phosphoborate (ZrPB) was added to epoxy resin in the ratio ZrPB : epoxy resin = 80 : 20 (w/w) with constant stirring till a homogeneous slurry was obtained. This slurry was spread between the folds of a filter paper and dried in air to get the membrane of 1 mm thickness. The dried membrane was dipped in distilled water to remove the filter paper. The sheet of the membrane thus obtained was cut with a sharp knife into circular discs of about 18 mm diameter. The membrane discs with good surface qualities were selected for further investigations
Electrode Assembly
The membrane was pasted on one end of the electrode assembly using araldite. The membrane was fixed from backside to other part of the electrode assembly. The electrode chambers were filled with 1.0 M solution of each of the electrolytes such as lithium chloride, sodium chloride, potassium chloride, magnesium chloride and barium chloride for 16 hours, to convert it into appropriate ionic form. After equilibration, the electrode assembly was washed with demineralized water (DMW). The membrane was kept immersed in DMW for 2 hours to remove the excess of electrolyte solution. When not in use, the electrode chambers were filled with demineralized water. The electrode assembly was kept immersed in water thermostat maintained at 27 ± 0.1 o C. Membrane potential measurements were made using saturated calomel electrodes as reference electrodes.
Potential measurements were made for different concentrations of the same electrolyte on two sides of the membrane in such a way that the concentration ratio C 2 /C 1 = 10. The potential difference developed across the membrane was measured against Ag/AgCl reference electrode on either side of membrane, using a digital potentiometer. The electrode chambers were rinsed with electrolyte solution of next higher concentration and then filled with the same solution. The membrane was allowed to equilibrate for 2 hours and the new potential difference was then noted.
The membrane potentials across zirconium phosphoborate membrane were determined using some 1:1 electrolytes such as lithium chloride, sodium chloride, potassium chloride, sodium A r t i c l e i n P r e s s nitrate, lithium nitrate and potassium nitrate and some 1:2 electrolytes such as magnesium chloride, calcium chloride, strontium chloride, barium chloride, magnesium nitrate, calcium nitrate strontium nitrate and barium nitrate, in overall concentration range of 0.001 M to 0.1 M. The membrane potential measurements were reproducible to ± 0.1 mV.
Results and Discussion
Membrane Potentials
A membrane separating electrolyte solutions of unequal concentrations exhibits a difference in electrical potential due to unequal ionic mobility and is equal to liquid junction potential in a nonselective membrane. In an ideally selective membrane, according to the TMS theory [17] , the membrane potential values are related to the activities of the electrolyte on the two sides of membrane, a 1 and a 2:
where E m is membrane potential across the membrane.
The maximum electrical potential is given by:
provided the solutions are dilute. E m changes with change in mean concentration of the electrolyte. From Table 1 and 2, it is evident that higher membrane potentials are observed at higher concentrations of electrolytes and membrane potential increases with increase in concentration of the electrolyte. The ionic perm selectivity of membrane is also expressed quantitatively, based on migration of counter ions through cation exchange membrane [11, 16, [18] [19] [20] [21] [22] [23] [24] [25] [26] :
Where _ t  refers to the value of transport number in the membrane and t + is the transport number of counter ions in solution [27] .
Ion exchange capacity of ZrPB
The ion exchange capacity of zirconium phosphoborate was determined for some monovalent and bivalent cations like Na + , K + , Mg 2+ and Ca 2+ cations and is given in Table 3 . . These results suggested that the ion exchange capacity decreases as the radii of hydrated metal ions increase.
The magnitude of membrane potential depends on: 1. Adsorption of anions of diffusing electrolyte on membrane surface 2. Exchangeability of cations 3. Size of cations 4. Diffusion potential across the membrane Higher membrane potential for lithium is because of its small size and high positive field around it, hence, it establishes higher potential across the charged membrane. Higher the potential, higher is the permeability [28] as observed in our experiments in the concentration range (0.01 to A r t i c l e i n P r e s s 0.06 M). The trend in the membrane potential and hence greatest permselectivity for lithium ions is because ion mass transfer coefficient through the ion-exchange membrane increases as a function of ion size [29] .
Ionic radii and hydrated ionic radii
Smaller the size of the alkali metal less is the ionic radius. As the size increases from top to bottom, ionic radii increase. The extent of hydration depends upon the size of the ion. Smaller the size of the ion, more highly it is hydrated and greater is its hydrated ionic radius and less is its ionic mobility (conductance). The radii and mobility of alkali metal ions are given in table 4. 
Transport Numbers
The transport number in exchanger phase is calculated from the slope of equation (1). The transport numbers and perm selectivity values of 1:1 halides and nitrates, and the transport numbers of 1:2 halides and nitrates are given in the Table 5 and 6, respectively. It is observed that the transport numbers increase with increase in concentration of the electrolytes. This may be due to the fact that with increase in average concentration of the electrolyte, the number of counter ions interacting with the membrane surface increase leading to enhanced Donnan exclusion responsible for increase of transport numbers. The obtained results are in contrast with the Donnan equilibrium theory. The transport numbers tend to stabilize up to a mean concentration of 0.045 M. Thereafter, the values of transport numbers and permselectivity A r t i c l e i n P r e s s tend to stay constant. This is due to concentration polarization phenomenon at high concentration resulting in increased co-ion percolation and hence resisting further increase in transport number of cations. 
Fixed charge density
The electrical character of a membrane is expressed in terms of fixed charge density. This fixed charged density of zirconium phosphoborate membrane for 1:1 electrolytes has been evaluated by using Kobatake's equation [30] and is given in Table 7 . When negatively charged membrane separates solutions of electrolyte of different concentrations, the membrane potential is given by: In order to evaluate ,  and X , Kobatake has derived two useful limiting forms, (a) and (b) of equation (3) a) When C 2 << equation (3) may be written as:
where, t indicates transport number of a metal ion in the exchanger whereas the transport number of the same metal ion in solution phase is represented by t + . As cited in the literature [31] , transport numbers of alkali metal ions in an aqueous system generally increase sharply with initial increase in concentration in low concentration range and then become constant at higher concentration. This is true for all alkali metal ions including Li + , Na + and K + . As shown in Figure 2 , the apparent transport numbers for Na + and K + do not change at all, whereas for Li + , an appreciable linear increase in trend is observed, which indicates that the ion exchanger matrix is selective for some metal ions. The selective behavior of the ion exchange membrane for Li + ions may be either due to steric or electronic reasons. This can't be due to steric reasons because hydrated radii of all the alkali metal ions are almost of the same size. Li + in dehydrated form has large charge to radius ratio as compared to that of Na + and K + . The different trends of transport number in solution and in membrane phase confirm that the membrane is highly selective for Li + over Na + and K + . This property of the membrane can also be generalized for transition metal ions as well because metal ions of lanthanide series are also different from one another due to their electronic properties while their ionic radii (steric factor) do not change much.
A r t i c l e i n P r e s s
It is observed that +app t decreases with increase in mean concentration of the lithium chloride electrolyte. These membrane permeate interactions indicate crystalline morphology [32] , being more in amorphous and less in crystalline membranes. The low values indicate very low degree of crystallinity of exchanger material.
The observed values (Table 7) of fixed charge density X are much lower than those expected from the fixed charge concentration of the exchanger. It indicates that larger part of internal fixed charge remains inactive. It may be due to the reason that active fixed charges in these membranes are essentially those of external surface of grain. As observed in Table 7 , the magnitude of X values for alkali metal nitrates is lower than for alkali metal chlorides. Hence, the trend in fixed charge density observed for halide and nitrate salts indicates that Donnan exclusion is more applicable for halide salts than for nitrate salts
Conclusions
The present investigation shows that ion exchange capacity of the ion exchanger decreases with the increase in the radii of hydrated metal ions. The transport numbers increase with increase in average concentration of the electrolyte due to enhanced Donnan exclusion at low electrolyte concentration. The transport numbers decrease at high concentration due to concentration polarization phenomenon. Hence, zirconium phosphoborate membrane shows better characteristics at lower concentrations (up to 0.045 M) beyond which no appreciable change in activity of the membrane is noticed and remains almost constant. The proposed ion exchange membrane behaves much more selectively for alkaline earth metal ions than alkali metal ions as observed from their respective fixed charge density values.
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